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We report the development of a monolithic, mechanically tunable waveguide platform based on the flexible
polymer polydimethyl siloxane (PDMS). Such devices preserve single mode guiding across a wide range of
linear geometric distortions. This enables the realization of directional couplers with tunable splitting ratios
via elastic deformation of the host chip. We fabricated several devices of this type, and verified their operation
over a range of wavelengths, with access to the full range of input/output ratios. The low cost and relative
ease of fabrication of these devices via a modified imprint lithographic technique make them an attractive
platform for investigation of large scale optical random walks and related optical phenomena.
PACS numbers: 42.82.Et, 42.70.Jk
Integrated optical systems based on waveguide plat-
forms have become widespread in both industrial and
research settings. While the ability to mass produce an
optical circuit with a very small footprint has doubtless
been a major contributor to their success, the greatest
advantage conferred by an integrated rather than bulk
optics approach is that of stability. In an industrial set-
ting this has enabled the deployment of complex optical
systems in areas where servicing and alignment would
have been impossible, while in the research community
it has enabled the realization of large scale optical circuits
which would have been prohibitively difficult to align and
maintain using macroscopic components.
In the field of quantum optics, integrated photonics
technologies have yielded quantum random walks with
over 100 optical modes1,2, as well as functional cir-
cuits containing a very large number of linear optical
elements3–5 and photonic simulators with a large number
of modes6,7. In general, however, these experiments were
unable to leverage the available commercial platforms
due to physical limitations on permitted wavelength and
polarization modes. For example, silicon-based platforms
preclude the use of wavelengths below 1 micron where
good low-cost single photon detectors are available. Con-
sequently many prominent results have been realized us-
ing bespoke platforms (such as laser-inscribed waveguides
in glass7) which lack the extensive development present
in their commercial counterparts. This comparative im-
maturity is felt most keenly when elements of an optical
circuit must be reconfigurable.
Tunability of integrated photonics platforms is typ-
ically achieved either by accessing the host material’s
electro-optic response (for example lithium niobate8), or
more commonly, by making use of thermal effects. In
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particular, the leading commercial platforms can achieve
high performance thermal tuning by leveraging on signif-
icant industry-led engineering efforts? .
We propose that integrated photonics platforms that
can be mechanically tuned may be a solution which will
allow rapid tunability while relaxing the existing con-
straints on wavelength and polarization modes. Such a
platform can be constructed on a flexible polymer mate-
rial such as polydimethyl siloxane (PDMS). Single mode
slab waveguides have been fabricated on PDMS chips by
using a modified soft imprint lithographic technique (see
Figure 1), with the necessary refractive index contrast
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FIG. 1. Polydimethyl siloxane (PDMS) chips are fabri-
cated by a simple molding technique. An AZ photoresist
(AZ1512HS, AZ Electronic Materials) is patterned onto a Sil-
icon wafer using a maskless laser write system. Liquid PDMS
prepared according to the manufacturer’s instructions is spin
coated into the AZ mold at 6000 RPM for 10 minutes, over-
filling the features with a 4µm layer. This structure is cured
at 150 ◦C for 60 minutes to produce high density PDMS (HD-
PDMS). After cooling, a 3D printed frame is applied and a
thick (1–2mm) layer of PDMS is poured onto the HD-PDMS.
After curing at 70 ◦C for 60 minutes, the PDMS chip is re-
moved from the frame and AZ mold, exposing the final pat-
tern.
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(c) Experiment
(d)
FIG. 2. (a) and (b) Simulated TE and TM modes of the waveguide structure, obtained using the semi-vectorial finite difference
beam propagation method (RSOFT BeamPROP) at 630 nm. The modes are very similar, with neff = 1.431 (TE & TM), and
appear in good agreement with the experimentally obtained mode in (c). (f) The directional coupler chip design, including
coupled and uncoupled waveguides. Optical microscope images in (d) and (e) show the coupled region and end-face of a typical
device.
between slab and substrate achieved by modifying the
density of the cured polymer10,11.
Systems of waveguides fabricated in this manner have
previously been proposed as solutions for coupling sepa-
rate optical systems in a robust yet flexible manner12,13.
In these studies, circuits were designed to be robust un-
der mechanical deformation of the PDMS chip. We pro-
pose that by taking the opposite approach, it is possible
to design devices whose optical properties are respon-
sive to mechanical distortions of the substrate. While
previous work has also leveraged an elastomer substrate
for tunability14, our approach relies solely on PDMS mi-
crostructures, greatly reducing fabrication complexity. If
successful, such a platform would enable a new degree-
of-freedom for tuning integrated waveguide platforms.
In this paper, we describe the fabrication and demon-
stration of directional couplers, which are able to act
as beamsplitters with continuously tunable reflectivity.
The mechanical tunability is achieved by changing the
separation of co-propagating optical modes, with corre-
sponding changes to their coupling coefficient. As previ-
ously demonstrated in single mode optical fiber coupler
devices15, this can result in a wide range of tunability. By
implementing these elements in a single monolithic plat-
form, we pave the way towards more complicated optical
circuits with mechanically adjustable behaviours. This
platform is compatible with a wide range of visible and
near-infrared wavelengths. In addition, it exhibits very
similar propagation coefficients for both TE and TM po-
larization modes, both of which are important consider-
ations for the quantum photonics community.
As a low cost, non-reactive transparent material
PDMS has become a workhorse tool in microfluidic, “lab
on a chip” environments and consequently there is a
large body of literature concerning the fabrication of mi-
croscale structures. To fabricate our single mode waveg-
uides we adopted a casting technique similar to those
used in soft imprint lithography. The liquid prepolymer
is introduced to a patterned substrate before curing, and
later removed by a peeling process. This approach has
been shown to be suitable for the production of micron-
scale ribs and trenches with high aspect ratios and low
surface roughness.
Our fabrication process is outlined in detail in Fig-
ure 1. It yields a two layer structure in which a thin
layer of PDMS (4 µm) is patterned with shallow ridges
(1.7µm×6.6µm) to define weakly confined waveguide
modes within the slab. A thicker (1–2mm) cladding layer
provides refractive index contrast and doubles as the
mechanical interface for handling and interfacing with
the chip. Refractive index contrast of approximately
∆n = 0.001 is achieved by curing the thin slab layer
at higher temperature than the cladding layer. The re-
sulting optical modes are shown in Figure 2.
We simulate the modes of our waveguides using an iter-
ative solver based on the finite difference beam propaga-
tion technique (RSOFT BeamPROP). Generally, quan-
tum photonics experiments prefer that the modes for hor-
izontal and vertically polarized light (usually referred to
a TE and TM respectively) be as similar as possible, and
indeed this requirement is a key motivator for pursuing
platforms other than the commercial silicon photonics
systems. Our simulations show propagation coefficients
of neff = 1.431 for both TE and TM, with a relative
difference of just 4.2×10−6. The associated 2D inten-
sity profiles are shown in Figure 2(a) and 2(b) alongside
an experimentally obtained mode 2(c) launched with an
elliptical polarization after propagation through a fiber.
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FIG. 3. A schematic of our measurement setup, in which
a PDMS chip containing a directional coupler is stretched
perpendicular to the propagation direction. Light is coupled
into the chip using a single mode optical fiber (SMF) held by
a six degree of freedom translation stage (6DOF stage), and
the output modes are imaged onto a CMOS sensor via a 10X
objective lens.
All modes are in good agreement, with the experimental
and simulated mode full width half maxima differing by
just 4.7% and 2.7% in x and y respectively.
With the waveguides characterized, we proceeded to
fabricate beamsplitters using directional couplers such as
the one shown in Figure 2(e,f). We can use coupled mode
theory16 to predict the behaviour of our device under
elastic deformation of the substrate. As the directional
coupler is symmetric, the power in the input and output
arms (labeled PA and PB respectively) will be given after
a co-propagation distance z by
PA(z) = 1− sin
2(κz) (1a)
PB(z) = sin
2(κz) (1b)
where κ is the coupling coefficient, in general related
to the convolution of the spatial modes of each waveg-
uide16. For example, if the modes are precisely Gaussian
we would expect κ to also be Gaussian with respect to
waveguide separation. We can compute the correlation
of our simulated mode with a displaced copy, giving the
expected scaling between κ and waveguide separation.
After suitable mounting in a stretching jig driven by a
miniature translation stage, we subjected a device con-
taining a directional coupler to a variety of linear defor-
mations in the direction transverse to waveguide prop-
agation, and characterized the response (see Figure 3).
Light was introduced to a directional coupler using butt-
coupling from single mode optical fiber, and the out-
put face of the device was imaged onto a CMOS cam-
era (Point Grey Chameleon3) using a 10X objective lens
(see Figure 3). The camera’s response to intensity was
characterized, after which appropriate treatment of the
digital images enabled the relative power in the output
modes to be calculated.
The directional couplers are robust, with reliable op-
eration over many cycles of stretching and relaxation.
0
0.2
0.4
0
0.8
1
0 0.4 0.8 1.2 1.6
S
p
li
tt
in
g
 r
a
ti
o
Global distortion (mm)
630 nm
730 nm
785 nm
808 nm
850 nm
FIG. 4. Splitting ratio (defined as PA/(PA+PB)) is shown for
a range of wavelengths from 630–850 nm. A full range of split-
ting ratios with high contrast are observed between 785 nm
and 850 nm, with the relationship between deformation and
splitting ratio differing as expected due to wavelength depen-
dence in the spatial distribution of the optical mode. The
device is still serviceable at shorter wavelengths (730 nm and
630 nm) though with a reduced range of splitting ratios.
We are able to confirm a linear relationship between the
global deformation and the change in mode separation at
the output face, with no discernible hysteresis. Due to
the weakly confining nature of our waveguides, the plat-
form supports single mode operation over a wide wave-
length range, and we observe tunable splitting ratios for
a range of wavelengths between 630 nm and 850 nm, with
qualitatively similar results (see Figure 4).
Figure 5 shows the behaviour of a typical directional
coupler as the chip is stretched. We observe initially very
high optical coupling to the second waveguide, which we
term “reflectance” by analogy to bulk beamsplitters. The
ratio of reflected light to transmitted light falls off as
the deformation is increased. The trend in output mode
power appears well approximated by the retarded cosine
described in equations 1, where the relationship between
deformation and the parameter κ is computed from nu-
merically obtained modes. Data collected at 850nm in-
dicates an extinction ratio of 99.9% for the transmitted
arm and 98.8% for the reflected arm.
To conclude, we have demonstrated a tunable beam-
splitter based on directional couplers in a flexible,
polymer-based waveguide platform. The beamsplitter
shows wide tunability over a range of wavelengths, en-
abling nearly the full range of splitting ratios from 630 nm
to 850 nm. The platform is low cost and suitable for rapid
prototyping, and uses fabrication techniques which are
amenable to future scalability17.
While we have demonstrated sensitivity to large scale
deformation of the chip substrate, the operating principle
should also permit tunability via local deformations, for
example by applying point-like pressure from below and
deforming the structure out-of-plane. We are currently
working to extend our devices to enable addressing in
this way, resulting in independent control of multiple di-
rectional couplers. This basic tunable optical component
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FIG. 5. The normalized power in the reflected and transmit-
ted arms (see Figure 3) as a function of chip-scale distortion,
measured at 850 nm. The centre-to-centre distance of the
modes was also calculated, indicating an approximately linear
deformation of the directional coupler under test by around
5µm. Over this range of deformations the device is tuned
from approximately 99.9% reflecting to approximately 98.5%
transmitting. The relationship between the deformation and
the power in the transmitted and reflected modes is fit using
Equation 1, with the κ parameter calculated from numeri-
cal simulation of the mode at 850 nm. Two representative
microscope images of the output face are also shown (inset),
corresponding to approximately equal mode power and to a
highly distorted state, with most power concentrated in the
transmitted arm.
may then be adopted as a building block in larger devices
with many input and output modes.
With low sensitivity to the input polarization, we be-
lieve large arrays of these devices will find application
in quantum photonic simulation experiments, enabling a
range of circuits to be investigated using a single device
compatible with polarization entangled photons at vis-
ible and near-infrared wavelengths. For example, it is
possible to fabricate large scale linear arrays, with the
resulting photonic random walks tuned by adjusting the
mode coupling via mechanical deformations of the host
chip. We also envisage devices capable of performing
polarization mode or wavelength multiplexing for (quan-
tum) communication schemes? .
Looking further ahead, we believe the inclusion of op-
tical nonlinearity in this platform will greatly enhance
its usefulness. This could be achieved by infusion of
micro- or nano-particles into the liquid PDMS precur-
sor, by chemical modification of the cured polymer or by
decorating the PDMS microstructures with appropriate
materials? . In this way it may become possible to tune
both the linear and nonlinear optical properties of the
system by mechanical means.
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